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ABSTRACT
Turbidity currents are turbulent, sediment-laden gravity currents which can be
generated in relatively shallow shelf settings and travel downslope before
spreading out across deep-water abyssal plains. Because of the natural
stratification of the oceans and/or fresh water river inputs to the source area,
the interstitial fluid within which the particles are suspended will often be less
dense than the deep-water ambient fluid. Consequently, a turbidity current
may initially be denser than the ambient sea water and propagate as a ground-
hugging flow, but later reverse in buoyancy as its bulk density decreases
through sedimentation to become lower than that of the ambient sea water.
When this occurs, all or part of the turbidity current lofts to form a buoyant
sediment-laden cloud from which further deposition occurs. Deposition from
such lofting turbidity currents, containing a mixture of fine and coarse
sediment suspended in light interstitial fluid, is explored through analogue
laboratory experiments complemented by theoretical analysis using a ‘box and
cloud’ model. Particular attention is paid to the overall deposit geometry and
to the distributions of fine and coarse material within the deposit. A range of
beds can be deposited by bimodal lofting turbidity currents. Lofting may
encourage the formation of tabular beds with a rapid pinch-out rather than the
gradually tapering beds more typical of waning turbidity currents. Lofting may
also decouple the fates of the finer and coarser sediment: depending on the
initial flow composition, the coarse fraction can be deposited prior to or during
buoyancy reversal, while the fine fraction can be swept upwards and away by
the lofting cloud. An important feature of the results is the non-uniqueness of
the deposit architecture: different initial current compositions can generate
deposits with very similar bed profiles and grading characteristics,
highlighting the difficulty of reconstructing the nature of the parent flow
from field data. It is proposed that deposit emplacement by lofting turbidity
currents is common in the geological record and may explain a range of
features observed in deep-water massive sands, thinly bedded turbidite
sequences and linked debrites, depending on the parent flow and its
subsequent development. For example, a lofting flow may lead to a well
sorted, largely ungraded or weakly graded bed if the fines are transported away
by the cloud. However, a poorly sorted, largely ungraded region may form if,
during buoyancy reversal, high local concentrations and associated hindered
settling effects develop at the base of the cloud.
Keywords Box model, deep-water massive sands, hyperpycnal flow, lofting,
reversing buoyancy, turbidity current.
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INTRODUCTION
Lofting flows in nature
Turbidity currents transport a substantial portion
of the sediment delivered from the continental
shelf or shallow deltaic environments to the deep
abyssal plains. The sediment mobilized during
these events is typically suspended not in the
cold saline water characteristic of ocean basins,
but in surface sea water or river water which is
fresher or warmer and therefore less dense. The
fate of the suspended sediment then depends on
the initial bulk density of the flow (Bates, 1953;
Mulder et al., 2003; Dadson et al., 2005). If the
flow is less dense than the ambient oceanic water,
it is known as hypopycnal: in this case, the flow
forms a spreading plume at the sea surface, from
which sediment gradually rains out. Conversely,
if the flow is denser than the ambient (hyper-
pycnal), the fate of the sediment depends
crucially on how the sediment and the suspend-
ing interstitial fluid each contribute to the bulk
density of the suspension. If the interstitial fluid
is comparable in density to the ambient, or if it
becomes comparable through vigorous mixing in
the early stages of the current, then the flow may
remain negatively buoyant and develop as a
classic ground-hugging turbidity current spread-
ing across the ocean floor (e.g. Heezen & Ewing,
1952; Bouma, 1962; Lowe, 1982; Middleton,
1993). If, on the other hand, the current reaches
the ocean floor with its interstitial fluid still
relatively buoyant, it may not remain negatively
buoyant throughout its lifetime. Instead, as sed-
iment is lost by settling, the density of the current
will decrease progressively, reaching neutral
buoyancy at a stage when some sediment is still
suspended. Further sedimentation will now
render all or part of the current buoyant, so the
mixture of light water and sediment lofts, lifting
off from the ocean bottom as a buoyant cloud or
plume (Sparks et al., 1993). Depending on the
local conditions, this buoyant cloud may rise to
the surface, it may intrude laterally along a
pycnocline at some intermediate depth, or it
may be broken up and dispersed by cross-
currents.
The generic conditions under which turbidity
currents containing light interstitial fluid form
suggest that they may be a common phenomenon
both in the present day and in geological history
(Mulder et al., 2003), although their significance
in the sedimentary record remains to be quanti-
fied. The natural stratification of the oceans plays
a key role in the dynamics of submarine flows,
particularly if the bulk density of the flow, qB, is
similar to that of the surrounding ambient fluid,
qA. The ocean density gradient depends on both
the salinity and the temperature of the sea water:
typical densities of deep ocean water are of the
order of qA  1031 kg m)3 at 1 km depth to
qA  1040 kg m)3 at 2 km depth (Gill, 1982),
compared with surface water which ranges in
density from about 1017Æ5 to 1030 kg m)3, and
the effects of the oceanic thermal gradient on
density are significantly stronger than those of the
salinity gradient. Simply because of this back-
ground stratification, turbidity currents initiated
in continental shelf settings which then travel
into the deep ocean will naturally contain light
interstitial fluid and therefore have the potential
to loft. Using the range of saline water densities
given by Gill (1982), it is simple to show (cf. Eq. 2
below) that a quarter or more of the initial
sediment load may still be suspended at the
point of lofting and that, even under less favour-
able conditions, a tenth or more may remain.
Thus, significant portions of some turbidites may
be deposited after lofting has occurred. The global
solids concentration of the flow at the point of
lofting, in these cases, may be 1% to 2% by
volume which, given the bottom-heavy gradients
typical during relatively quiescent deposition,
may lead to significantly higher local concentra-
tions near the base of the flow (Amy et al., 2006).
The overall amount of remaining suspended
sediment may be greater still if the initial inter-
stitial fluid density is lowered further by fresh
water input during, for example, a large river
flood.
River discharges which generate ground-hug-
ging turbulent flows, where the interstitial fluid is
particularly light relative to the deep-water ambi-
ent, are observed on a number of coasts, and
estimates suggest that they may occur on many of
the world’s major rivers (Mulder & Syvitski, 1995;
Mulder et al., 2003). There are several docu-
mented examples of turbidity currents with lof-
ting potential on annual to decadal frequencies
from a range of locations, including the Monterey
Canyon, California (Johnson et al., 2001), New
Zealand (Hicks et al., 2004), Japan (Nakajima,
2006) and Taiwan (Dadson et al., 2005), to name a
few. Basic budgeting indicates that any flow,
whether surge-like (generated rapidly compared
with the duration of the flow) or quasi-steady
(generated over a time scale comparable with that
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of the flow), with an initially lower interstitial
fluid density than the ambient, will eventually
become lighter than the ambient and thus loft: the
only question is whether a significant amount of
sediment remains in suspension at this point.
Direct evidence of other sediment-laden lofting
flows in nature includes Icelandic jo¨kulhlaups
(e.g. Maria et al., 2000), pyroclastic density cur-
rents (e.g. Sparks et al., 1986) and meltwater
floods (Hesse et al., 2004).
The deposit which forms from a lofting turbid-
ity current depends on the particle settling which
takes place in all three stages of the flow: the
initial ground-hugging turbidity current, the
plume or cloud which lifts off when the buoyancy
reverses and the subsequent surface or intruding
gravity current. Given that turbidites form signif-
icant hydrocarbon reservoirs (Weimer & Link,
1991), understanding the mechanics of the dif-
ferent flow components and the extent and struc-
ture of their deposits will aid the description of
reservoirs and their heterogeneities. Improving
knowledge of lofting flows will also help in the
assessment of hazards posed by pyroclastic den-
sity currents, where it is important to constrain
lift-off position, surge run-out and the spread of
co-ignimbrite ash clouds.
Lofting flows in the laboratory
Turbidity currents can be modelled using appro-
priately scaled laboratory analogues. The advan-
tage of this approach is that the initial
characteristics of the parent flow can be fixed,
the current itself can be observed and, afterwards,
the deposit can be analysed. In the absence of
good direct observations, laboratory experiments
have proved vital in understanding the basic
dynamics of turbulent, particulate gravity cur-
rents. There are however several disadvantages:
often the flow is affected by the initial conditions
and, in particular, the release mechanism. Rey-
nolds numbers, while in the turbulent regime, are
orders of magnitude smaller than those in full-
scale natural currents and, in the case of lock-
release currents, the turbulence decreases rapidly
after initiation. Moreover, the deposits tend to be
thin so there is little scope for the analysis of
vertical sequences. Nevertheless, several seminal
papers have arisen from this approach which
have allowed a good general picture to be built up
over recent decades (e.g. Middleton, 1967, 1993;
Huppert & Simpson, 1980; Bonnecaze et al.,
1993; Hallworth et al., 1993; Sparks et al., 1993;
Gladstone et al., 1998; Kneller et al., 2000).
Much of the research into reversing-buoyancy
flows has been motivated by the behaviour of
pyroclastic density currents which, under partic-
ular circumstances, can partially or wholly loft to
produce co-ignimbrite ash clouds. Early experi-
mental investigations involved non-particulate
fluids as an analogue model for lofting pyroclastic
density currents (Huppert et al., 1986). Sedimen-
tation as the primary mechanism for the bulk
density decrease that leads to lofting was first
studied experimentally by Sparks et al. (1993);
this study remains the key work to date in this
area. Mixtures of methanol and alumina powder
were used in various proportions to investigate
the influence of both the light (methanol) phase
and the dense (particulate) phase on the lift-off
position and resulting bed geometry. The exper-
iments of Sparks et al. (1993) were fixed-volume
releases of a fluid suspension; similar experi-
ments using a constant flux supply were under-
taken by Hu¨rzeler et al. (1996).
Woods & Bursik (1994) investigated the relative
effects of dilution and heating through entrain-
ment (an important aspect of pyroclastic density
currents, which are thermodynamically very dif-
ferent from turbidity currents) and particle sedi-
mentation, on lofting. Changes to entrainment
and sedimentation rates were controlled by vary-
ing the slope angle: a large buoyant cloud devel-
ops when entrainment is high. Woods & Bursik
(1994) also identified a hydraulic control on
lofting that occurs at a break in slope.
Two other experimental studies are relevant to
the present study. McLeod et al. (1999) consid-
ered sub-aerial particulate pyroclastic density
currents flowing into water. The particulate sus-
pension comprised fine-grained silicon carbide
(to model ash), coarse-grained silicon carbide
(lithics) and polypropylene balls (as an analogue
of pumice). These authors observed a range of
behaviour, including the splitting of a stratified
flow into two components: a dense underflow and
a buoyant plume. The dense underflow was able
to loft after sufficient sedimentation had occurred
and was observed to lead to a decoupling of the
fine and coarse fractions, with the lofted part of
the flow dispersing the fines over a greater area.
Cantelli et al. (2008) have investigated turbidity
currents generated by subaqueous volcanic erup-
tions, where the interstitial fluid is warm and the
particulate phase is of low density. Experimental
flows were generated by suspending two types of
sand with different densities and a range of grain
sizes, within an interstitial fluid that was hot
relative to the cold ambient. The results of
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Cantelli et al. indicate that the lofting process
affects downstream mixing and deposit thickness,
but the complexity of these flows means that it is
difficult to distinguish the effect of sedimentation
on lofting from the effect of the temperature
decrease caused by mixing.
Aims
The objective of the present study was to inves-
tigate lofting turbidity currents which transport
and deposit both coarse and fine grain-size frac-
tions and, in particular, the interplay between the
two size fractions of the sediment load (which
contributes negatively to the overall buoyancy)
and the interstitial fluid (which contributes pos-
itively to the overall buoyancy). These effects are
explored through analogue experiments, using a
technique developed by Sparks et al. (1993) and
complementary box modelling, building on that
used in the past to successfully describe a range
of different lock-release flows (Huppert & Simp-
son, 1980; Dade & Huppert, 1995; Hu¨rzeler et al.,
1996; Hogg et al., 1999; Harris et al., 2002) and
applied to full-scale turbidites (Dade & Huppert,
1994), ignimbrites (Dade & Huppert, 1996) and
pyroclastic flows (Nield & Woods, 2003).
Following the investigation of monodisperse
flows described by Sparks et al. (1993), these new
experiments systematically investigate not only
the role of the interstitial fluid density but also
the grain size of the initial suspension, on the
flow dynamics and resulting sedimentation
patterns. The bed geometry and grading charac-
teristics are studied in detail, paying particular
attention to the deposition of the coarse (sandy)
fraction because of its importance for hydro-
carbon storage. By considering more than one
grain size, the new understanding from the experi-
ments can be applied to particular geological
facies, some of which have not previously been
attributed to this mechanism.
LABORATORY TURBIDITY CURRENTS
Experimental method
The lock-release technique is used to create fixed-
volume, lofting turbidity currents. Details on this
approach and the mechanics of collapsing surges
are given by Huppert & Simpson (1980), Sparks
et al. (1993), Bonnecaze et al. (1996) and Glad-
stone et al. (1998), for example.
A gate was placed 0Æ05 m from one end of a
3Æ0 m by 0Æ15 m horizontal tank filled to a depth of
0Æ2 m with ambient tap water with density qA
(Fig. 1, Table 1). Behind the gate, silicon carbide
particles (qP = 3217 kg m
)3) were suspended in
light interstitial fluid with density qI, comprising a
mixture of methanol (786Æ6 kg m)3) and water
(998Æ9 kg m)3), so that the initial bulk density, qB0,
was greater than the ambient density in the main
part of the tank. A bimodal suspension of particles
with a volumetric concentration of C0 was used:
the fine fraction with an average grain diameter of
12Æ8 lm and the coarse fraction 36Æ5 lm, giving a
settling velocity ratio, wC/wF  8 using Stokes’
law. Note that wF and wC will vary slightly
depending on the methanol concentration behind
the lock, because this affects both the density and
viscosity of the fluid through which the grains are
0·15 m
0·20 m
0·05 m
0·10 m
(ii) At = 0  , t  he gate is pulled 
up to release mixture 
t (iii) Gate near far end-wall 
is closed onc e t  he nos e 
has pa ssed beneat h i  t (i) Mixture of water , 
methanol, fine grains 
and coarse grain s 
placed behind gate 
(iv) 0·130 m × 0·098 m enclosure
placed over be d a  t ca 0·25 m
intervals and trapped 
sediment removed by sypho n 
2·95 m
ρ A ρ B0 
Fig. 1. The experimental flows were created by placing a mixture of dense particles and light interstitial fluid behind
a lockgate. This gate was lifted to release the current into the main tank. The position of the current nose was noted
and the resulting deposit was syphoned out of the tank so that bed thickness and grain size distribution could be
measured.
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settling. To understand the behaviour of a bimodal
suspension in nature, the coarser size fraction is a
proxy for the sand fraction within full-scale flows
and the fine fraction is a proxy for the mud
fraction. To minimize particle flocculation,
0Æ15 wt% of Calgon, containing Na(PO3)6 as the
active dispersant, was added to the mixture in the
lock. Complementary bimodal ground-hugging
flows using the same methods and sediment
suspensions are also presented to provide refer-
ence experiments against which the lift-off flows
can be assessed. Additional details are given by
Taylor (2003) and Thornley (2004).
The initial bulk density of the flow, qB0, has
been kept constant, where
qB0 ¼ C0qP þ ð1  C0ÞqI: ð1Þ
To allow this, however, the initial sediment
concentration C0 must be varied along with qI;
this is unavoidable but unfortunate, because
direct comparisons between raw bed thickness
data, for example, are difficult to draw if the total
amount of sediment varies from one experiment
to the next.
The key parameter characterizing lofting flows
is (Sparks et al., 1993; Hogg et al., 1999)
c ¼ qA  qI
C0ðqP  qIÞ
: ð2Þ
This parameter describes the importance of the
positive buoyancy contribution from the intersti-
tial fluid, compared with the negative buoyancy
contribution from the suspended sediment. If the
density of the interstitial and ambient fluids are
the same, then c = 0 and the flow is a traditional
‘ground-hugging’ current. When c > 1, the light
interstitial fluid dominates, producing a free-
surface flow as soon as the current is initiated.
Values in the range 0 < c < 1 represent cases
where the current is dense initially but has the
potential to reverse in buoyancy and loft. In these
cases, c represents the proportion of the initially
suspended material which rises up with the
cloud during lift-off, relative to the total. Note
Table 1. Tables listing the four series of experiments and their initial conditions. The methanol contributes posi-
tively to the overall buoyancy, while the solids fraction contributes negatively.
Run Methanol, % c CF0 C

C0 C0 qI (kg m
)3) qB0 (kg m
)3)
Monodisperse (unimodal) lofting flows
A 0 0 0 1 0Æ0150 998Æ9 1032Æ1
B1 10 0Æ39 0 1 0Æ0243 977Æ7 1032Æ1
B2 10 0Æ39 0 1 0Æ0243 977Æ7 1032Æ1
C 17Æ8 0Æ53 0 1 0Æ0314 961Æ1 1032Æ0
D1 40 0Æ73 0 1 0Æ0500 914Æ0 1029Æ1
D2 40 0Æ73 0 1 0Æ0500 914Æ0 1029Æ1
Bimodal lofting flows with c = 0Æ39
E 10 0Æ39 1Æ00 0Æ00 0Æ024 977Æ7 1032Æ1
F 10 0Æ39 0Æ75 0Æ25 0Æ024 977Æ7 1032Æ1
G1 10 0Æ39 0Æ50 0Æ50 0Æ024 977Æ7 1032Æ1
G2 10 0Æ39 0Æ50 0Æ50 0Æ024 977Æ7 1032Æ1
H 10 0Æ39 0Æ25 0Æ75 0Æ024 977Æ7 1032Æ1
B1 10 0Æ39 0Æ00 1Æ00 0Æ024 977Æ7 1032Æ1
B2 10 0Æ39 0Æ00 1Æ00 0Æ024 977Æ7 1032Æ1
Bimodal lofting flows with c = 0Æ53
I 17Æ8 0Æ53 1Æ00 0Æ00 0Æ031 961Æ1 1032Æ0
J 17Æ8 0Æ53 0Æ75 0Æ25 0Æ031 961Æ1 1032Æ0
K1 17Æ8 0Æ53 0Æ50 0Æ50 0Æ031 961Æ1 1032Æ0
K2 17Æ8 0Æ53 0Æ50 0Æ50 0Æ031 961Æ1 1032Æ0
L 17Æ8 0Æ53 0Æ25 0Æ75 0Æ031 961Æ1 1032Æ0
C 17Æ8 0Æ53 0Æ00 1Æ00 0Æ031 961Æ1 1032Æ0
Bimodal ground-hugging flows with c = 0
M 0 0 1Æ0 0Æ0 0Æ020 998Æ9 1042Æ9
N 0 0 0Æ8 0Æ2 0Æ020 998Æ9 1042Æ9
O 0 0 0Æ6 0Æ4 0Æ020 998Æ9 1042Æ9
P 0 0 0Æ4 0Æ6 0Æ020 998Æ9 1042Æ9
Q 0 0 0Æ2 0Æ8 0Æ020 998Æ9 1042Æ9
R 0 0 0Æ0 1Æ0 0Æ020 998Æ9 1042Æ9
Lofting turbidity currents 57
 2009 The Authors. Journal compilation  2009 International Association of Sedimentologists, Sedimentology, 57, 53–84
that the term ‘buoyancy’ is used to describe
whether the flow rises up into the water column
(positively buoyant) or whether it continues to
flow as a dense current along the sea floor
(negatively buoyant). This term is distinct from
the ‘buoyancy flux’, which is a combination of the
fluid volume flux and reduced gravity, and a term
not used in this paper.
For the new experiments, c and the initial
proportions of fine and coarse grains, CF0 and C

C0,
were varied systematically to assess the effects on
the flow velocity, lift-off position and resulting
deposit of both the light interstitial fluid and the
grain size distribution of the driving suspension
(Table 1). The mixture was released by lifting the
gate rapidly at t = 0. The position of the nose was
noted every 3 sec to give information on the
velocity evolution of the flow front. Once the flow
reached the end of the tank, a gate situated 0Æ1 m
from the far end-wall was closed to reduce
reflection of the free-surface flow back towards
the lock (Fig. 1).
Two important characteristics of turbidite beds
which affect their hydrocarbon potential and can
be explored through both experimental modelling
and observations on field examples are: (i) bed
thickness variations which control the shape of a
sand body; and (ii) grain size, which governs the
sandstone to shale values, a strong indication of
reservoir quality. In the laboratory experiments,
the total mass of sediment per unit bed area, gT,
(also termed ‘deposit density’) was measured, by
placing an enclosure over the bed after its forma-
tion at 0Æ25 m steps and syphoning out the
trapped sediment, before drying and weighing
it. It is reasonable to assume that the packing of
the silicon carbide sediment in an experimental
bed is approximately uniform, so gT is a useful
proxy for bed thickness and throughout the
following text it is often referred to as such
because it provides a vital link with a common
field measurement. A known amount of this
sediment was analysed using a Coulter Counter
(Beckman Multisizer 3; Beckman Coulter Inc.,
Fullerton, CA, USA) to provide the vertically
averaged mass fraction of the fine grains,
vF ¼ gF=gT, and coarse grains, vC ¼ gC=gT, in the
bed, where gF and gC are the mass per unit area of
the fine and coarse fractions, respectively. As vF
and vC are vertically averaged properties of the
deposit, they are assigned an overbar; later in this
manuscript the new model is used to predict the
proportion of fine and coarse grains at specific
heights within the deposit. Note that vF and vC are
distinct from CF and CC, which refer to the
suspended sediment within the parent flow.
Several experimental runs were repeated
(Table 1). Distance–time data can be reproduced
well; measurements of the resulting deposit are
less reproducible, because the data gathered for
the whole of the flow depend on deposition
during the earliest stages of the flow: this
deposition, in turn, is sensitive to the stirring
of the suspension and lifting of the gate (Moodie
et al., 2000), both of which are performed man-
ually in these experiments. Nevertheless, the
overlap of repeat experiments is good for both
bed thickness (Fig. 2A) and grain-size data
(Fig. 2B). Unfortunately, some of the finer-
grained experiments have long run-outs and
become influenced by the far end-wall. As the
current approaches the end wall, the fluid which
is trapped between the flow nose and the wall
can cause the flow to slow down rapidly,
promoting sedimentation. One way to minimize
this effect is to reduce the total bulk density or
‘size’ of the initial current so that its run-out
distance is reduced. However, the resulting
deposit becomes extremely thin and the data
on deposit density and grain size subject to
noise. Where end-wall effects on the data are
significant, they are noted in the text.
Dynamic similarity between laboratory
experiments and field-scale flows
Turbidity currents are dynamically complex
flows, and no laboratory analogue or mathemat-
ical model of a field-scale event can hope to be
complete. In order to scale experiments appropri-
ately so that the results and conclusions can be
applied to the full scale problem, independent
variables are grouped into dimensionless num-
bers which relate the ratios of the important
forces acting on the flow, so that the key regimes
and processes operating at the full-scale also
dominate in the small-scale model. This section
discusses some of the principal dimensionless
parameters that should be matched between
small-scale and full-scale flows to ensure
dynamic similarity, and also some potential dis-
similarities that must be considered when inter-
preting natural events and deposits.
Flow observations
The hydrodynamic regime of the flow may be
characterized by three dimensionless numbers.
The Froude number, F, controls the balance
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between streamwise pressure gradients and accel-
erations in a flow with reduced gravity
g¢ = g(qB ) qA)/qA, and is given by
F ¼ u
2
g0h
; ð3Þ
where u is the flow front velocity and h is the
current depth. It is of order 1 in laboratory
currents because of the control by the front
condition, and this scale-independent result
should hold for surge-like currents in the field.
Sustained quasi-steady currents may be subject to
somewhat different dynamical balances and
require separate investigation. (However, it is
not implausible that even very large turbidity
currents may be surge-like in character, see
Mulder & Alexander, 2001.)
The global Richardson number, Ri, represents a
balance between the potential energy required to
mix and the kinetic energy available for mixing
(Turner, 1979). It thus governs the rate of mixing
between the turbidity current and the surround-
ing fluid: ambient entrainment becomes impor-
tant when Ri is small. Ri is the reciprocal of the
Froude number, F, which implies that as long as
the Froude number of the analogue current is
comparable with that of the field-scale flow, the
degree of ambient mixing in the flows will also be
comparable.
The Reynolds number, Re, which controls
whether the flow occurs in a laminar or a
turbulent regime, is generally accepted to be
extremely high for natural turbidity currents,
where the charactistic length-scale is assumed to
be the depth of the flow,
Re ¼ uh
m
; ð4Þ
and m is the kinematic viscosity. Typical Reynolds
numbers for the laboratory currents may be
calculated using u = 0Æ05 m s)1, h = 0Æ05 to
0Æ1 m and m = 10)6 m2 s)1, giving Re = 2500 to
5000. This result is sufficiently high to imply that
the currents were propagating in a turbulent
regime throughout most of their duration. This
implication is confirmed by the development of
turbulent Kelvin–Helmholtz billows observed in
the experiments (e.g. Fig. 2B). Towards the point
of lofting, however, this dynamical regime is no
longer maintained: it is therefore likely that
complications involved with, for example, the
collapse or suppression of turbulence during lof-
ting (Pritchard & Gladstone, 2009) are not repre-
sented adequately in the laboratory analogue.
Sediment regime
Appropriately scaling the sediment dynamics in
laboratory-scale flows is widely known to be a
difficult problem, in particular for resuspending
flows because of the need to find material which
can be remobilized by the lower velocities typical
of laboratory flows, but which is not subject to
unwanted effects such as cohesive behaviour
(Eames et al., 2001; Pantin, 2001).
The key parameters are the Rouse number, which
controls the vertical distribution of sediment in
A B
Fig. 2. (A) Measurements of gT, a proxy for bed thickness, from repeated experiments show good data reproduc-
ibility. In (B), the amount of sand comprising the bed, calculated by combining bed thickness measurements with
grain size measurements, is plotted for repeated lofting flows with reasonable data overlap. See the Laboratory
Results section for a full discussion.
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the flow, and the Shields number, which controls
the ability of the flow to remobilize sediment from
the bed. The Rouse number is the ratio of the
particle settling velocity in still fluid to the shear
velocity; in other words, it represents the balance
between settling which tends to remove particles
from suspension and turbulent mixing which
tends to maintain them in suspension. It is defined
as
B ¼ wS
ju
; ð5Þ
where j = 0Æ4 is the von Ka´rma´n constant and u
is the friction velocity. It is important to note that
the grain sizes used in the laboratory flows do not
need to scale up linearly to full-scale grain sizes;
instead it is the ratio of the settling speed of the
grains to the flow velocity which governs the
dynamical regime. When B is below a threshold
of about 0Æ8, the grains are vertically well-mixed
throughout the flow. As B increases, the particles
remain in suspension but the distribution be-
comes progressively bottom-heavy towards a
Rouse number threshold of about 2Æ5. Above this
threshold, the distribution is sufficiently bottom-
heavy that the grains are transported as bedload
rather than suspension load (Choux & Druitt,
2002). Given a quadratic drag law, the friction
velocity may be estimated as u ¼ c1=2D u where
independent measurements (Garcia & Parker,
1993) have shown that cD is of the order of 0Æ01.
Hence the Rouse number may be estimated as
B = 25wS/u: taking u = 0Æ05 m s
)1 as before, for
the finer particles, B > 1 while for the coarse
particles B is of order 1. This value is sufficient to
ensure that the fine particles are mixed through-
out the flow in the laboratory; the coarse particles,
although harder to suspend, are within the regime
B < 2Æ5 associated with suspension transport. It is
evident from the dependence of B on the flow
velocity that in field-scale flows the Rouse num-
ber is generally small for particles of sand or silt
grade. Nevertheless, during a waning full-scale
flow the coarser sand fraction may develop a
bottom-heavy concentration distribution while
the finer mud or silt fraction remains much better
mixed vertically through the flow, so, qualita-
tively at least, the behaviour of the laboratory
particles is realistic. As with the Reynolds num-
ber, the Rouse number regimes of laboratory and
field flows may diverge significantly as the cur-
rent reaches the point of lift-off.
It is also worth noting here that the box model,
in assuming vertically well-mixed suspensions,
agrees better with the inferred sedimentary
regime of dilute field-scale flows (fully turbulent
high Reynolds number regime with full particu-
late suspension) than do the experiments. This
issue and other assumptions of the model are
discussed later.
The Shields number may be defined as
Sh ¼ s0qA
gðqB  qAÞd
; ð6Þ
where d is the particle diameter and s0 the bed
shear stress. In field-scale flows Sh is high, so the
current is easily able to rework and even to
resuspend sediment (Eames et al., 2001; Prit-
chard, 2009); note, though, that this does not
necessarily mean that the remobilized material
constitutes a significant fraction of the material
transported by the flow (Pritchard, 2009). In
laboratory-scale flows, however, it is virtually
impossible to achieve high values of Sh, meaning
that the dynamical effects of resuspension are not
adequately represented and the flows are purely
depositional. Substrate reworking is believed to
be of greater significance for flows on relatively
steep slopes (cf. Parker et al., 1986; Blanchette
et al., 2005), but some field evidence suggests that
it may play a role in triggering flow transforma-
tion in field-scale currents even on relatively
gentle slopes (Talling et al., 2007). Caution is
therefore required in using the present results and
predictions to give insight into the dynamics of
flows in which sediment resuspension may have
been significant.
Other assumptions
As noted above, there is some disagreement as to
the validity of regarding natural turbidity currents
as surge-like rather than sustained in their
dynamics; ideally, further work should be con-
ducted to establish more fully the dynamics of
lofting sustained turbidity currents, building on
the study of Hu¨rzeler et al. (1996). In order to
keep this study focused on understanding the
sedimention of a simple bidisperse suspension
from a reversing buoyancy current, there are two
additional factors which are not considered here:
sea floor topography and the role of cohesive
sediment.
It remains uncertain how significant a role sea
floor gradients play in controlling turbidity
current behaviour. For surge-like flows, the pres-
ence of a low-angle uniform slope can act to
change the entrainment rate through the head of
the flow, but the frontal velocity is largely unaf-
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fected because the dilution by ambient entrain-
ment is approximately balanced by the increasing
gravitational effects (Simpson, 1997). Whether
topographic variations affect a turbidity current
depends largely on the dimension of the topo-
graphy relative to the flow (Woods et al., 1998).
For small highs, even if there is a transition in
flow regime, the effect on deposition can be
minimal, with the bed gradually decaying in
thickness in the same manner as occurs without
any topography; for larger highs, a bore can be
generated which strongly affects the flow and
resulting bed thickness. Considering a change in
gradient in topography from one uniform state to
another, i.e. a break in slope, how this affects the
flow depends in part on the state of the flow itself.
For a quasi-steady flow in which the driving
effect of the gradient is part of the dominant
dynamical balance, a break in slope may be
enough to tip the flow from one dynamical regime
to another: there is suggestive evidence for this
from deposit data (e.g. Talling et al., 2007).
However, there is as yet a lack of quantitative
understanding on the way in which gradients
interact with flows, and the feedback there is on
deposition. This uncertainty is reflected by con-
trasting results from experimental turbulent flows
interacting with gradient changes (Woods et al.,
1998; Gray et al., 2005). To an extent, therefore,
the role of slope on flow dynamics and the
resulting bed probably depends on the flow type
and dynamical regime at the point when it
interacts with the gradient, gradient change or
topography.
In addition, any effects peculiar to mud are not
considered in this study. Although cohesive
colloids are common, perhaps even ubiquitous,
in the natural environment, their effect on the
dynamics and rheology of turbidity currents is
still relatively poorly understood. Nevertheless,
the existing evidence suggests that when the flow
is in the fully turbulent regime, the difference
between the presence of mud and of non-cohesive
material is unimportant. Exceptions may occur at
high concentrations and/or when the flow is slow
moving (Baas & Best, 2002). Given that a full
understanding of sediment cohesion effects in
these regimes is still emerging (Baas et al., 2009),
it is not discussed in the present study. In
summary, where there is clear evidence that a
flow was not surge-like, or that sea floor gradients
had a leading-order effect on its propagation or
that cohesion played a strong role on the flow
dynamics and rheology, then the results from this
study should be applied only with caution.
Laboratory results
Flow observations
Figure 3 illustrates the evolution of the flow
through a typical experimental run, while Fig. 4
is a schematic sketch which illustrates the stages
through which the flow passes. The current in
Fig. 3 is a demonstration experiment to ensure
that the main features of the evolving flow are
captured within the camera field of view. It is a
monodisperse lofting flow similar to Run D
(Table 1) but driven by coarser 53 lm diameter
sediment to promote early buoyancy reversal.
By lifting the lock gate, a finite surge is released
into the main part of the tank (Fig. 3) with
velocity u (Fig. 4, point ‘A’). During the early
stages the turbidity current with light interstitial
fluid behaves similarly to a ‘traditional’ ground-
hugging turbidity current in which qI = qA, shar-
ing the same dynamical features and a similar
decrease in velocity caused by the reduction in qB
that results from gradual sediment deposition and
the thinning of the flow (Fig. 3A to C; Fig. 4, point
‘B’).
When the front has travelled a distance xLO
from the source, it ceases to advance and begins
to lift off (Fig. 3D; Fig. 4, point ‘C’), indicating
that there is no longer a net density difference
between the head of the current and the ambient:
in the notation used for this study, qB = qA. Note
that because of small-scale mixing there is no
sharp change at the front between the bulk
density of the current and that of the ambient;
lift-off, however, is a fairly well-defined transition
in the flow which may reasonably be associated
with the relative bulk densities of the current and
the ambient. Continual deposition means that
almost simultaneously it begins to lift off along its
length (Fig. 3C and D). The light interstitial fluid
and grains rise up as a cloud to the free surface
(Fig. 3E and F). In nature, however, where the
oceans are stably density-stratified, it is more
likely that the cloud will rise to some intermedi-
ate neutral buoyancy depth within the water
column, for example, the pycnocline. Within the
cloud, some particles are rising with the fluid
while others are settling out. During this phase
there is no horizontal flow so there is a gap in the
velocity-time plot. Once the cloud reaches the
free surface it propagates horizontally (Fig. 3F
to I), towards the far end of the tank, accelerating
as grains continue to rain out of the cloud (Fig. 4,
point ‘D’). Eventually the intrusion decelerates
due to viscous effects and comes to rest (Fig. 4,
point ‘E’). Note that in these experiments, only
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the portion of the flow up to the lift-off distance is
considered: studying the rising cloud and sub-
sequent intrusion experimentally and theoreti-
cally could form the basis of an additional study
focusing on the entire event or where the main
interest lies in the deposition of the fine fraction
or the distal region of the flow. This observation
could complement recent studies on deposition
from hypopycnal surface flows and mid-depth
intrusions (e.g. Maxworthy, 1999; de Rooij et al.,
1999; Parsons et al., 2001; Bush et al., 2003).
The nose velocity of two turbidity currents from
initiation to the point of lift-off is shown in
Fig. 5A. Because of a greater particle settling
velocity, the nose velocity of a coarser-grained
suspension drops off more rapidly than that of a
finer-grained suspension, which affects the trans-
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Fig. 4. Sketch showing the evolution of the horizontal
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Fig. 3. A series of photographs shows the basic behaviour of lofting turbidity currents in the laboratory. The
turbidity current slumps out of the lock and propagates along the ground in (A). Lofting begins at the rear parts of
the flow early on (B). By (C) a discrete series of plumes are lofting along the length of the current and at (D) the
flow front has arrested. Particles remaining in the flow rise up in (E), and begin to propagate horizontally both
upstream and downstream in (F) to (I), raining out continually. The left-hand panel shows original footage; the
right-hand panel shows false-colour images reflecting particle concentration calibrated from dark blue (low) to
deep red (high).
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port and deposition of the sediment. Before
examining the deposit left on the base of the tank
by the parent flow, the lift-off position, xLO, is
considered first because this too determines the
distribution of the grains in the bed. The lift-off
position depends on both c and the initial grain-
size of the suspended sediment (Fig. 5B), and
these compete when combined: increasing c
moves xLO upstream while increasing the fine-
fraction content in the driving suspension, CF0,
moves xLO downstream. Therefore, a muddy
suspension in fresh water may loft at the same
distance from source as a sandy suspension in
weakly saline interstitial fluid: this is an example
of the similar results from parent flows with
different initial conditions which, as will be seen
later, is an intrinsic feature of these lofting flows.
Bed characteristics
Deposition by lift-off flows is governed strongly
by the parameter c (Eq. 2). Recall that when c = 0
the turbidity current is ground-hugging and when
c ‡ 1 the flow is hypopycnal, travelling along the
free surface. For values between 0 and 1, c
describes the amount of sediment still suspended
and therefore lifted up by the flow when it
reverses in buoyancy. Figure 6 shows the decreas-
ing bed thickness with increasing distance from
source for three flows with different values of c
(Runs B, C and D; Table 1). When c is quite low at
0Æ39, the current reverses in buoyancy and lofts at
1Æ55 m, leading to rapid dumping of the grains
because the frontal velocity has dropped to zero,
and therefore a step in bed thickness is observed
just before xLO (cf. Sparks et al., 1993). As c is
increased, the step grows and moves upstream, so
that when c = 0Æ73, a thick bed is produced in the
proximal part of the tank, followed by an abrupt
thickness drop-off and a distal region character-
ized by a thin veneer.
The bed profile resulting from a lofting flow
also depends on the grain size of the suspended
sediment, because the location of the reversing
buoyancy, xLO, is sensitive to grain size (Fig. 5B).
A lofting flow with coarser-grained sediment
creates a bed characterized by a thick proximal
deposit and abrupt pinch-out approaching xLO
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Fig. 5. (A) The velocity decrease with distance from source to the point of lift-off, xLO, is plotted for a purely fine-
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resulting from three reversing-buoyancy flows with
different values of c [Runs B, C and D of Table 1]. As a
proxy for dimensionless bed thickness, the measured
mass per unit bed area, gT, is divided by the average
mass per unit bed area assuming even settling across
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Lofting turbidity currents 63
 2009 The Authors. Journal compilation  2009 International Association of Sedimentologists, Sedimentology, 57, 53–84
(Fig. 7A), whereas a lofting flow with finer-
grained sediment leads to more even deposition
along the length of the tank (Fig. 7B), with a slight
step approaching xLO. It is particularly interesting
to compare these patterns with the bed shapes
resulting from ground-hugging turbidity currents
driven by the same 36Æ5 or 12Æ8 lm suspended
sediment. These latter currents typically produce
a peak in bed thickness followed by a rapid
decrease moving downstream (Bonnecaze et al.,
1996; Gladstone et al., 1998). From Fig. 7A, it can
be seen that a coarser-grained suspension leads to
enhanced deposition in proximal regions but, by
contrast, in Fig. 7B, a finer-grained suspension
leads to enhanced deposition in distal regions,
compared with ground-hugging counterpart
experiments. Note that flows rich in fine material
may be affected by the far end wall in the distal
limit, which causes slight thickening of the
deposit.
While Fig. 8A demonstrates that, for currents
carrying clean sand, significantly different depos-
it characteristics result depending on whether the
flow is ground-hugging or lifts off, this is not the
case for experimental currents which are driven
by sand and mud in equal amounts. In Fig. 8B,
the mass fraction of sand in the deposits from
flows with different c values but the same initial
suspension composition, CF0 = C

C0 = 0Æ5, is
shown to decrease at the same approximately
linear rate with distance from source, reflecting
the fact that coarse sediment deposition occurs
largely in the early stages of the flow before the
effects of the impending buoyancy reversal are
felt. This observation indicates that it may not be
possible to glean information about the lofting
characteristics of the parent flow from vFðxÞ
alone. Note that a bimodal ground-hugging cur-
rent (c = 0) where CF0 = C

C0 was not conducted
and therefore data from runs O and P (where CC0
equals 0Æ4 and 0Æ6, respectively) are plotted. The
results bracket the two lofting experiments where
CF0 = C

C0 and so it is reasonable to assume that,
had data been collected for a ground-hugging
current using equal amounts of coarse and fine
grains, it would lie in between and would not be
distinguishable from the lofting results of runs G
and K.
Reservoir geologists may be concerned not only
with the shape of the bed, gT, and the proportion
of sand in the bed, vC, but also with how these
two combine to give the absolute thickness of the
sand fraction only, gC, recalling that gC ¼ vCgT.
Figure 9 shows the decrease in the thickness of
the sand from source, gC, with different initial
concentrations of sand driving the flow, CC0, for
both the new series of lofting flows (qI < qA), and
the series of complementary ground-hugging,
classic turbidity currents (qI = qA). The sand
deposited by ground-hugging flows decreases
gradually from a proximal peak, with sand being
deposited along the entire length of the tank. In
contrast, the lofting flows lead to near-source
dumping of the sand fraction, with only a small
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amount of sand being carried by the cloud to the
distal parts of the tank. Very little sand is
transported beyond the halfway point,
x = 1Æ5 m, by the lofting flows. Some implications
of these experimental results for sand geometry in
the field, with particular emphasis on oil-
bearing turbidites, are presented in the
Discussion section.
Summary of experimental results
From the experimental results described above,
some general conclusions can be extrapolated
about the behaviour and deposits of bimodal
lofting flows. The experiments confirm that, as
expected, flows with a higher proportion of fine
material lift off further from source than coarser-
grained flows (Fig. 5), because the finer particles
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Fig. 9. (A) The thickness of the sand fraction comprising the bed, gC, is plotted with distance from source, for the
series of bimodal ground-hugging experiments where c = 0. (B) Same plot for the series of bimodal lofting experi-
ments where c = 0Æ53. While the thickness of the sand fraction produced by currents with qI = qA decreases rapidly
following the peak point, these ground-hugging flows can transport small amounts of sand to distal regions of the
tank. However, lofting flows with qI < qA transport virtually no sand beyond the halfway point of the tank.
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
C0 = 0Æ75]. This is because the rapid
velocity drop-off approaching the lift-off position causes sustained sand deposition up to xLO. The remaining
buoyant plume contains very few coarse grains, so there is minimal deposition in the distal regions of the tank. (B) By
contrast, when the initial driving suspension contains equal amounts of the two grain sizes, this decrease in vC is the
same for lift-off [Runs G and K] and ground-hugging flows [Runs O and P, averaged]. In (B), data from ground-hugging
experiments with CC0 = 0Æ40 (Run O) and C

C0 = 0Æ60 (Run P) are plotted separately, bracketing the C

C0 = 0Æ50 results
(Runs G and K); also included is a simple average of these data, which can be seen to lie very close to the results from
lofting currents with CC0= 0Æ50. Using this bed characteristic alone can therefore provide little information about the
parent flow.
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settle more slowly and so the density of the current
remains greater than that of the ambient fluid for
longer. In a similar manner, flows with lighter
interstitial fluid lift off closer to source than those
with denser interstitial fluid (Fig. 5B). These
results are consistent with those of previous
studies (e.g. Sparks et al., 1993; Hogg et al., 1999).
The overall bed geometry produced by a lofting
flow differs from that produced by a ground-
hugging flow. Lofting flow deposits have a more
‘tabular’ form, with a more even distribution of
thickness along the length of the bed and a snub
nose or even a pronounced ‘step’ at the distal end,
in contrast to the gradual tapering of ground-
hugging flow deposits (Figs 6 and 7). This
geometry arises because of the relatively rapid
deceleration of the flow as it approaches the point
of lift-off and the subsequent deposition of sed-
iment from the cloud along the entire length of
the deposit. In the results presented above
(Fig. 7), this tabular geometry is particularly
pronounced for coarser sediment, because this is
deposited more rapidly following the moment of
buoyancy reversal and so less of it is able to
spread with the lofting cloud and deposit as a
veneer beyond the lift-off position.
The different spatial deposition patterns of fine
and coarse material from bimodal lofting flows
(Fig. 8) represent the different fates of these size
fractions over the course of the flow. Coarser
material settles faster and so is generally depos-
ited before lofting occurs; consequently, very
little coarse material is carried downstream
beyond the point of lift-off (Fig. 9). Conversely,
a substantial portion of the fine sediment survives
in the flow at the moment when it lofts, so fine
sediment can be carried by the cloud and depos-
ited either on top of the main flow deposit or
downstream of the point of lift-off, having been
carried onwards by the spreading surface current.
Lofting, therefore, may act to separate fine and
coarse sediment more effectively than simple
sorting by deposition in a ground-hugging flow,
although in a full-scale flow it will depend also
on the internal stratification of the flow and the
concentrations therein.
Because the deposit geometry depends on a
number of parameters (c, C0, and CF0 or C

C0)
which together define the initial composition of
the flow, and because the effects of these para-
meters can compete, it is possible for flows with
different initial conditions and different dynam-
ics to produce beds which resemble each other in
one or more features. This non-unique relation-
ship between flow and deposit makes the ‘inverse
problem’ of deducing the nature of an emplacing
flow from its deposit particularly difficult. Two
examples of non-unique results are presented
here: the lift-off position xLO itself (Fig. 5B) and
the vertically averaged proportion of sand, vCðxÞ,
comprising the deposit (Fig. 8B). In the latter
case, lofting and non-lofting flows with the same
initial grain size distribution CC0 = C

F0 produced
beds with the same vC profile in the streamwise
direction, although the dynamics of the flows
were quite different. Note that while vC is the
same in this example, these flows do deposit beds
of different thickness, gT, and thus also gC and gF.
This observation underlines the importance of
using as many aspects as possible of the deposit
geometry to constrain the emplacing flow mech-
anism. It is also worth reiterating that the non-
unique data produced by parent flows which
initially are quite distinct is an important result
which has not hitherto been noted in laboratory
analogues of turbidity currents.
THEORETICAL ANALYSIS
Development of the model
In this section, a simple and largely phenomeno-
logical model of the flow and its deposit is
developed, with the aim of understanding the
behaviour of dilute flows in very broad terms, and
extending this to aspects of the flow which are not
easily studied in the laboratory. The model
consists of two stages. Deposition from the surge
is described by a ‘box model’ of the kind intro-
duced by Dade & Huppert (1995), while deposi-
tion from the subsequent buoyant cloud is
described by a separate ‘cloud model’. The math-
ematical details are described in the Appendix.
A ‘box model’ for deposition before lofting
occurs
The box model combines those derived by Hogg
et al. (1999) for a monodisperse lofting current
and by Harris et al. (2002) for a bimodal ground-
hugging current. The basic assumption of a box
model is that the turbid surge can be described in
terms of its length l(t) and of a depth h(t) and
volumetric concentration of sediment C(t) which
are each taken to be uniform at an instant
throughout the current but to vary in time. This
assumption is a simplification of the experimen-
tal observation that turbid surges have a charac-
teristic shape which does not alter greatly as the
flow evolves (see, for example, Gladstone &
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Woods, 2000). The assumption that particles are
mixed thoroughly within the flow, and in partic-
ular that they are well-mixed vertically, is also
plausible given the very high Reynolds numbers,
and thus the high levels of turbulent mixing, to be
expected in a natural flow. This is a model
designed to capture the dominant processes
operating within the laboratory flows: complica-
tions such as friction at the base, substrate
erosion, floor gradient and variable topography,
cohesion and flocculation, to name a few, are
therefore not considered. Despite this, via the
arguments of dynamic similarity presented ear-
lier, the insights gained from these theoretical
considerations may be applied with reasonable
confidence to full-scale, surge-like turbidity cur-
rents and their deposits, if the issues listed above
are considered to be minor influences on the flow.
Given these assumptions, the dynamics of the
surge are governed by the condition of constant
volume and the Froude condition at the front:
hl ¼ A0 and u ¼ F qB  qAqA
 
gh
 1=2
: ð7Þ
Here A0 is the cross-sectional area of the flow,
u = dl/dt is the nose velocity, F is the frontal
Froude number (presumed here to be a constant),
qA is the density of the ambient fluid and qB is the
bulk density of the flow (Eq. 1).
The suspended sediment is divided into fine
particles with settling velocity wF and coarse
particles with settling velocity wC, so the total
volumetric concentration is given by C = CF + CC.
As the suspension is well-mixed, the concentra-
tions evolve as
dCF
dt
¼ wFCF
h
and
dCC
dt
¼ wCCC
h
: ð8Þ
The initial conditions are l(0) = l0 (the lock length),
CF(0) = CF0 and CC(0) = CC0, so the total initial
concentration is C0 = CF0 + CC0. Equation (8) pro-
vides a relationship between CF and CC which
depends only on the relative rate at which the fine
and coarse particles are deposited, regardless of
how the depth of the flow varies with time:
dCC
dCF
¼ wCCC
wFCF
; and so CC ¼ KCbF; ð9Þ
where b = wC/wF and K ¼ ð1  CF0Þ=CbF0 is a
constant of integration which depends on the
initial conditions.
These equations may be rendered dimension-
less and integrated (see Appendix for details) to
yield predictions for the length and sediment
load of the surge at the point when it becomes
neutrally buoyant and lifts off (Eq. 21). In turn,
expressions can be derived to predict bed thick-
ness and partitioning of the coarse and fine
fractions within the deposit (Eqs 22 and 23).
While the box model accurately captures the
functional form of the relationships, a scaling
factor is used to correct the length-scale. This
factor is termed a ‘shape coefficient’ by Dade &
Huppert (1995) and is required to correct for two
effects in particular on the shape of the flow: the
motions in the upper ambient fluid layer follow-
ing lock release and the simplification of current
geometry in the box model, compared to a single-
layer shallow-water model; see the discussion by
Hallworth et al. (1998), for example. It has been
found to take the same value of ca 1Æ6 whether the
box model is applied to model monodisperse
non-lofting currents (Dade & Huppert, 1995),
monodisperse ground-hugging currents subject
to a background flow field (Hallworth et al.,
1998), monodisperse lofting currents (Hogg et al.,
1999) or bimodal non-lofting currents (Harris
et al., 2002).
A ‘cloud model’ for deposition after lofting
occurs
The dynamical model represented by Eqs 7 and
8 can describe the flow and deposition only up
to the time t = tLO at which lofting occurs. After
this time, a simple phenomenological model of
the subsequent deposition can be obtained by
considering the sediment budget. Immediately
following lofting, there is a buoyant cloud
which extends the whole length of the current:
this slowly rises, while particles gradually rain
out from it. This process goes on until the
cloud reaches a free surface (as in the experi-
ments), intrudes at a level of neutral buoyancy,
or is carried away by cross-currents as may
occur in a natural setting. Between its initial
lofting and the point at which the cloud
intrudes, it does not spread significantly in the
horizontal, so its length remains constant at
l = xLO. During this phase, the deposition is
described by
d
dt
ðxLOhCcloudF Þ ¼ wFxLOCcloudF
and
d
dt
ðxLOhCcloudC Þ ¼ wCxLOCcloudC :
ð10Þ
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Modelling the shape and structure of the
deposit
Sediment budgeting supplies predictions for the
mass density of the deposit g(x;t) as it builds up
through the lifetime of the flow. During the surge
phase before lofting, the following is obtained:
gFðx; tÞ ¼
Z t
t0ðxÞ
wFCFðtÞdt and
gCðx; tÞ ¼
Z t
t0ðxÞ
wCCCðtÞdt;
ð11Þ
where t0(x) is the time at which the front of the
surge reaches the point x, i.e. l(t0(x)) = x. After
lift-off, the deposit continues to build up, and can
be described by
gF;Cðx; tÞ ¼
Z tLO
t0ðxÞ
wF;CCF;CðtÞdt þ
Z t
tLO
wF;CC
cloud
F;C ðtÞdt:
ð12Þ
At any point in time, the vertically averaged
proportions of coarse and fine sediment in the
deposit can be evaluated simply as
vCðx; tÞ ¼
gCðx; tÞ
gCðx; tÞ þ gFðx; tÞ
and
vFðx; tÞ ¼
gFðx; tÞ
gCðx; tÞ þ gFðx; tÞ
:
ð13Þ
The vertical structure of the deposit can now be
calculated because the proportion of fine (coarse)
sediment at a point (x,z) in the deposit is given by
the ratio of the deposition rate of fine (coarse)
sediment to the total deposition rate of sediment
from suspension at the moment when that part of
the deposit was being laid down.
Model validation
Box models represent a mathematical ‘cartoon’ of
the physics of a turbid surge rather than a system-
atic approximation to either a shallow-water
model (Harris et al., 2001, 2002) or the full
three-dimensional governing equations (see, for
example, Necker et al., 2002). Despite this, these
models incorporate what are believed to be the
essential physics of these flows, and have been
shown to provide a convenient and reasonably
accurate description of many aspects of experi-
mental turbidity current deposits (Huppert, 1998).
In particular, these models have been found to
capture well the reduced run-out due to lofting of a
reversely buoyant current (Hogg et al., 1999) and
the main features of the depositional architecture
of a bimodal ground-hugging current (Harris et al.,
2002; cf. their figs 5 and 15). Although they are
essentially phenomenological descriptions, they
are capable of providing genuine insight into the
basic mechanisms of flow and deposition, and
have been used to infer the dynamics of full-scale
flows from their deposits (Dade & Huppert, 1994,
1996).
Figure 10 indicates how the predictions of the
‘box and cloud’ model compare with the exper-
imental data using three different parameters.
Theoretical predictions for lift-off distances,
calculated using Eq. 21, show good agreement
with experimental measurements (Fig. 10A).
Deposition of the fine fraction from the ground-
hugging surge is given by Eq. 22 and from the
A B C
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Fig. 10. Comparison between ‘box and cloud’ model predictions and experimental data shows reasonable agreement
for bimodal lofting flows in terms of (A) lift-off position, (B) bed geometry and (C) the relative proportions of the two
size fractions comprising the bed. The model does not include the initial scour close to the gate, nor distal deposition
by the free-surface flow following lofting.
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lofted cloud by Eq. 26, with corresponding depo-
sition of the coarse fraction by Eqs 23 and 27. The
total bed thickness at any given point is the sum
of these four components. The model captures
this well, particularly the abrupt decrease in bed
thickness approaching xLO (Fig. 10B). The devia-
tion close to the lock gate is an artefact of the lock-
release mechanism (see, for example, Moodie
et al., 2000). The region beyond xLO is not
captured well because a thin veneer of sediment
is deposited here by the free-surface flow which is
not included the ‘box and cloud’ model; this is
specific to the experimental set-up and would, for
example, be less pronounced in a tank of twice
the depth. End-wall effects also enhance deposi-
tion in the distal limit. Predictions of particle
sedimentation of the two size fractions are
assessed by plotting the vertically averaged mass
fractions in the deposit, vC and vF (Fig. 10C),
which allows direct comparison with Coulter
Counter (Beckman Coulter Inc.) measurements.
Overall downstream fining trends are described
reasonably. Again, there is sediment beyond xLO
in the experimental data which is not modelled.
Despite these shortcomings, the comparison
suggests that the ‘box and cloud’ model approx-
imately captures the way in which the different
size fractions are affected by the lofting process.
This comparison encourages the use of this model
to make some tentative predictions about other
aspects of the deposits which are not directly
measurable in the laboratory.
Hypotheses for the vertical structure of the
deposit
Having verified that the ‘box and cloud’ model is
capable of capturing at least the gross features of
the experimental deposits, it may be used as a
tool to generate hypotheses for the structure of the
deposit, beyond what can be observed in the
laboratory. One drawback of this type of labora-
tory investigation is that the bed produced by a
single flow is very thin so the deposit composi-
tion can only be characterized in terms of the
depth-averaged quantities vF and vC. In contrast,
in the field, a turbidite may be as much as several
metres thick and so the vertical distribution of
grain sizes within it is of interest and importance.
A second drawback is that it was not possible to
investigate the geometry and structure of the
deposits which are created when the buoyant
cloud does not simply rise to and spread along a
free surface. Depending on the natural environ-
ment, various amounts of the sediment which
originally rises with the cloud may be lost. For
example, in a marine setting, as the buoyant cloud
rises it may encounter a cross-current and be
carried away from the depositional setting. Alter-
natively, the cloud may rise out of a channel or
canyon in which the current has been propagating
unidirectionally, and then intrude or spread later-
ally as well as along the channel, so its sediment
load is spread over a wider area. The discussion
below therefore considers the effect of varying
amounts of cloud stripping on the eventual
deposit.
Because the ‘box and cloud’ model describes
how the deposit builds up in time, it is simple to
use the model to provide predictions of the
vertical grading of the deposit (see the final section
of the Appendix). Figure 11 illustrates the pre-
dicted grading of the deposits laid down by surges
with various initial mixtures of fine and coarse
sediment and with three different interstitial fluid
buoyancies. Contours of the coarse fraction, vC, are
plotted at 10% intervals. The deposit is weakly
graded when the rate of change of the ratio
between the two size fractions in the vertical
direction is slowly changing and is essentially
ungraded where no contours are plotted.
In all the ground-hugging deposits (left-hand
column; Fig. 11), the most prominent feature is
the band of close contours in the middle of the
deposit in which the upward fining is most
pronounced. The nature and location of this band
depends on the initial grain-size mix of the flow:
it is tightest and occurs highest in the deposit for
low CF0 (note that when C

F0 is lowest, vC varies
most between its maximum at the base of the
proximal region and a limiting value of zero on
the surface). Depending where it is taken, a
vertical section of the turbidite might encounter
this band part-way down the transect, right at the
bottom of the bed or (in the distal region) not at
all. However, the band cannot occur right at the
top of the sequence, even for quite low CF0; there
is always a thin layer of almost pure fines above it
(e.g. Fig. 11A and D).
When the deposit forms from a lofting surge
with no stripping, this pattern persists but with
some key differences (right-hand column;
Fig. 11); note that the region of the bed below
the red line is deposited prior to buoyancy
reversal, and the region above the red line by
sedimentation from the lofted cloud after buo-
yancy reversal. Particularly for intermediate to
low proportions of fines in the initial parent flow,
or for flows with high c, the region of upward-
fining is deposited by the cloud, not by the
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ground-hugging portion. If the cloud were to be
stripped away before settling out, then the
strongly graded region marked by the band of
close contours would not be formed, leaving a
weakly graded sandstone as the depositional
signature (Fig. 11B, C and F; the plots in the
upper right-hand part of the diagram). This effect
suggests that one ‘fingerprint’ of lofting and
stripping is that the deposit is relatively coarse
and either very weakly graded or graded most
strongly near the top.
DISCUSSION
There are many facies which may be produced by
turbidity currents with reversing buoyancy.
Before describing these, the shortcomings of
the new experiments and model are discussed,
as is using the inverse approach to interpret
parent flows using quantitative consideration of
grain size to bed thickness relationships as an
example.
Complications
Clearly there are some complications both with
the approaches used to investigate these flows,
and the application of simple analogues to natural
flows. One shortcoming of the experiments is that
the lock-release technique models fixed-volume
releases and is not adequate to model more
sustained flows. Additionally, the lock-release
procedure suppresses deposition proximally in a
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Fig. 11. Modelled vertical structure of deposits. Solid blue lines represent contours of vC at intervals of 10%. The
solid black line represents the surface of the total deposit including the cloud contribution. The red dashed line
represents the surface above which any or all of the deposit may be missing if the cloud is stripped. A concentration
of contours indicates rapid upward-fining; a lack of contours indicates little grading. In the ground-hugging flows (A,
D and G) there is no stripping because there is no lofting, so all the sediment is deposited. A bed from a reversing-
buoyancy current may have the upper graded part removed almost entirely, particularly if c is high (C and F) and/or
CF0 is low (B and C), leaving a very weakly graded bed as the depositional signature.
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way which is not representative of a natural
initiation mechanism: although it is possible to
model this suppression (Moodie et al., 2000), it is
not appropriate to do so here given the simplicity
of the model. In addition, the Reynolds numbers
of the laboratory flows, whilst confirming that
the currents are largely within the turbulent
regime, are orders of magnitude less than those
encountered in full-scale turbidity currents and
pyroclastic density currents. Nevertheless, the
fundamental results of the experiments will apply
and, therefore, are useful because they provide an
insight into points such as the rapid dumping of
coarse sands approaching the critical lift-off dis-
tance and the segregation of sand and mud into
the bed and cloud, respectively.
The phenomenological model developed here
describes deposition from non-entraining, non-
eroding lofting flows, while in the submarine
environment is it likely that natural flows both
entrain ambient fluid and erode the underlying
substrate, and both of these will affect the
lofting potential of the flow. It is possible to
build both processes into a theoretical model,
but this was not the aim of the present study,
which focused on the simpler aspects of lofting
flows. Substrate erosion and possible subsequent
ignition tend to be associated with flow down a
slope. It is not possible to modify the lift-off box
model easily to take into account the role of
slope; for this, more detailed numerical models
are required. Calculations suggest that the crit-
ical slope angle defining the change from an
erosional, igniting flow into a non-erosive,
depositing flow is typically 2 to 4 (Blanchette
et al., 2005). This angle is substantially steeper
than the extremely shallow or flat sea floors,
where most deposition from depletive turbidity
currents is likely to occur and, therefore, the
laboratory experiments and deposit inferences
may still be applied to abyssal plain environ-
ments. However, it is worth noting that the role
of small gradients on the behaviour of these
flows is poorly understood, with some field
observations suggesting that they may be impor-
tant (Talling et al., 2007).
One of the most difficult problems to deal with
in this study which warrants consideration is the
complex nature of full-scale flows themselves.
Several features of these flows are not considered
in the experiments nor in the theoretical analysis;
two are outlined here. The first issue concerns
the local current density, which will vary
along the length and depth of the flow because
of the development of internal gradients
(Kneller & McCaffrey, 2003; McCaffrey et al.,
2003; Gladstone et al., 2004) and different degrees
of mixing and entrainment through the head and
the upper surface (Hallworth et al., 1998; Parsons
& Garcia, 1998; Ozgokmen & Chassignet, 2002). So,
while the bulk density at some point in space and
time may still be greater than the ambient, for
example, if particulate segregation has led to the
development of a concentrated lower body and
dilute turbulent upper wake, it is likely that
patches of fluid in the wake will become less
dense than the ambient leading to a local buoy-
ancy reversal and lofting. This effect may
account for the partial lofting towards the rear
of the flow that occurs before the flow front has
stopped at xLO (see Fig. 3C). Similarly, there is a
delicate balance within the lower parts of the
flow where (negative) driving buoyancy is gained
through particle concentration stratification, but
lost through sedimentation, again leading to
local variations in current density. Conse-
quently, during the development of lofting flows,
it is possible for some parts of the flow to be
ground-hugging while other parts are stationary
or lofting, leading to splitting of the flow (e.g.
McLeod et al., 1999) or localized sediment rec-
oncentration (Pritchard & Gladstone, 2009).
The previous section discussed the possible
fate of the rising cloud and how this would affect
the grading of the resulting deposit and its
implications for reservoir quality. A further com-
plication in this area is the changing nature of the
cloud. Following buoyancy reversal, the cloud
will rise to some depth of neutral buoyancy,
depending on both the cloud properties and the
background stratification. Once at this level, the
cloud will then intrude (Rimoldi et al., 1996;
Maxworthy, 1999; de Rooij et al., 1999; Cardoso &
Zarrebini, 2001). As it does so, particles will
continue to rain out, so the density of the cloud is
reduced further and it needs to rise again to reach
a new level of neutral buoyancy. The subsequent
dissipation and sedimentation of the cloud is
likely to be quite complicated, with many factors
affecting the transport of the grains and their
rainout from the suspension, as indicated by
Manville & Wilson (2004). In addition, while the
stripping of the cloud by ocean currents has been
modelled using a simple factor, observations on
the interaction of volcanic plumes with winds
show that these winds are variable and can
selectively strip particular grain size populations
(Holasek et al., 1996; Wiesner et al., 2004).
Similar effects may well occur in the marine
environment.
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Relationship between grain size and bed
thickness
A fundamental problem in turbidite sedimento-
logy is the difficulty of inferring the nature of
a flow from the nature of its deposits. This has
been a particularly contentious area: some of the
many issues involved have been reviewed by
Mulder & Alexander (2001) and by Kneller &
Branney (1995).
While the finer details of a deposit undoubtedly
depend on the finer details of the flow which
emplaced it, it has been suggested that it should be
possible to use the gross features of a deposit, such
as its volume, extent and typical grain size, to infer
approximately the size and composition of the
original turbidity current, and to distinguish
between various dynamical regimes (e.g. Dade &
Huppert, 1995; Srivatsan et al., 2004; Pritchard,
2009). However, an interesting feature of the class
of flows considered here is that it becomes much
more difficult to identify the properties of the
emplacing flow using only the gross features of the
deposit. Different initial parameter combinations
(the initial concentrations of coarse and fine
fractions and the initial interstitial fluid density)
can yield deposits of the same length; meanwhile
the same initial parameter combination can pro-
duce deposits of different composition because of
the possibility of stripping away fine particles in a
buoyant cloud.
When the geometry of the entire deposit is
known, the most reliable signature of lofting may
be the tendency for deposits to be blunt-nosed, or
at any rate to pinch out more abruptly than the
deposits of a ground-hugging flow. When the
overall geometry is not available, the vertical
trends in grain size may be useful: a deposit from
which fine sediment has been stripped in a lofting
cloud is likely to exhibit better sorting in general,
but to be graded more strongly at the very top of
the sequence, than the deposit from a ground-
hugging flow with a lower initial fine content.
Another possibility has been suggested by the
recent work of Baas (2004), which offers a way to
relate the primary sedimentary structures in a
deposit to the conditions of the emplacing flow.
This approach has not been pursued here but,
using the simple description of the flow pre-
sented here, it should be possible to develop a
model of the expected structures along with the
composition of the deposit as it builds up. This
could provide another useful component of a
model deposit, allowing further predictions to be
compared against field evidence.
Another potentially informative way to con-
sider turbidite data is to examine the relationship
between grain size and bed thickness. In field
studies of turbidites, the position of a core or an
outcrop relative to the source location and overall
architecture may be uncertain, and so it is
sometimes useful to describe a deposit by plotting
maximum or mean grain sizes against the thick-
ness of the bed instead of against absolute
position. Indeed, for the laboratory analogues,
bed thickness and grain size decrease systemati-
cally from source, and are therefore good proxi-
mality indicators. This may be the case for full-
scale, waning turbidity currents, although, as
discussed by Sadler (1982), there are many sce-
narios where it is not, such as channellized or
overbank facies. It is noted, therefore, that the
subsequent analysis is best applied to simple
flows, spreading and depositing sediment across
an abyssal plain.
Given the stochastic nature of sediment sus-
pension processes, it is not clear that the maxi-
mum grain size in a bed will provide a
particularly robust indicator of the bed properties
and how it formed. However, both the modal and
mean grain size, while harder to measure, are
likely to be more reliable statistics. In the present
experiments and model, which involved a bi-
modal grain-size distribution, the quantities vCðxÞ
and vFðxÞ may be interpreted as normalized
measures of the mean grain size in the bed at a
given x-point.
Figure 12 compares the modelled plots of
coarse content vC against dimensionless bed
thickness gT for different parent flows. In
Fig. 12A, the initial composition of the three
lofting currents is the same, but the deposits
differ in the amount of the buoyant cloud which
has been stripped away in each case. Depending
on the fraction of the cloud which has been
stripped, the deposit may now plot anywhere in
quite a large swathe of the ðgT ; vCÞ plane. This
observation complements the non-unique rela-
tionship between composition and run-out dis-
tance noted earlier: not only can different initial
parameter combinations yield deposits of the
same extent, but deposits of the same extent and
initial parameter combination may have different
volumes and relationships between grain size and
bed thickness depending on how much they have
been affected by the extrinsic process of cloud
stripping.
These three curves are re-plotted on a log–log
scale in Fig. 12B and now with the addition of the
predicted deposits from three ground-hugging
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parent flows. The key feature of the ground-
hugging curves is the almost perfect power-law
relationship between gT and vC in the distal
region. A relatively straightforward asymptotic
analysis of the behaviour of the box model in the
distal limit (omitted here for brevity) indicates
that the gradient of this part of the plot should be
given by b ) 1, which for silt/sand currents is
generally a reasonably large number (and b  8
for the experiments). In the proximal region, by
contrast, the gradient of the curve is much lower,
and this suggests that these plots may be a useful
way of distinguishing between proximal and
distal regions on the basis of a few measurements,
without requiring the geometry of the entire
deposit to be known or the location of the source.
However, this result applies only to the deposits
of ground-hugging currents, in which the coarse
fraction tends to zero as the distal limit is
approached.
One feature which the three lofting curves in
Fig. 12B share is that they all resemble the
proximal parts of the ground-hugging surge
deposits not merely in the range of gT covered
but in the trend of vC with g

T . Effectively, the
deposit of a lofting current can mimic the prox-
imal part of the deposit of a ground-hugging
current rather closely, making it hard to distin-
guish between the two by using grain size to bed
thickness trends alone. To distinguish between
the two, where this is possible, the overall deposit
geometry should be examined. A lofting flow may
be signalled by a snub-nosed deposit and also by
anomalous dimensions: if a substantial portion of
the original sediment has been stripped away, the
deposit should be anomalously long and far from
source (compared with what might be expected
for a ground-hugging surge of the same general
composition). An alternative approach is to
examine vertical grain-size trends in the deposit.
This approach is difficult in the laboratory, but
rough predictions can be made, as shown in
Fig. 11, using the ‘box and cloud’ model.
Plots of bed thickness against grain size for
field turbidites produce different, though not
incompatible, curves to those presented in
Fig. 12. The fieldwork presented by Sadler
(1982) typically shows a systematic decrease in
maximum grain size to bed thickness relation-
ships, plotting as a curve on log–log axes. These
curves typically have straight-line segments in
their central region, correlating perhaps with the
power-law relationships identified in Fig. 12.
This type of analysis is distinct from the statis-
tical bed-frequency analysis undertaken by Tal-
ling (2001) and Sylvester (2007). In these studies,
large numbers of beds are considered with a view
to gaining an insight into depositional settings.
This approach contrasts with the Sadler (1982)
analysis where neither cumulative frequency nor
probability frequency distributions are consid-
ered, but independent variables from individual
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Fig. 12. (A) Modelled plots of coarse grain content, vC, against dimensionless bed thickness, g

T, for three lofting
currents with 50% initial fine grain content, c = 0Æ18, and the stripping fractions w = 0, 0Æ5 and 1. (B) Logarithmic
plots of coarse grain content, vC, against dimensionless bed thickness, g

T, for the same lofting currents but also three
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deposits with the same bed thickness to grain size signature can be produced. These deposits are those where the
symbols representing the beds from lofting flows plot on top of the curves representing the beds from ground-hugging
flows in ðgT; vCÞ space.
Lofting turbidity currents 73
 2009 The Authors. Journal compilation  2009 International Association of Sedimentologists, Sedimentology, 57, 53–84
deposits (usually bed thickness versus some
measure of grain size) are plotted against each
other to glean some information on the parent
flow dynamics, where neither the distance from
source nor the details of the source conditions
are available.
The most general conclusion to be drawn from
the results presented here is illustrated well by
Fig. 12B: for anything other than a simple, mono-
disperse surge without extrinsic influences, it is
unlikely that any simple measure will allow the
parent flow to be reconstructed without consid-
erable ambiguity, because parent flows with very
different initial conditions can produce deposits
with the same bed thickness/grain size relation-
ships in particular regions of parameter space.
There is therefore a need, when proposing such
reconstructions, to provide an ‘envelope’ of pos-
sible depositional conditions rather than a single
favoured interpretation.
Deep-water massive sands
Deep-water massive sands have received much
research interest during the past two decades
because of their simple sand body geometries,
high sand : shale values and clear seismic signal.
Several oil fields (for example, Forties and Miller,
North Sea; Oligo-Miocene Flysch, North Africa)
have produced hydrocarbons from deep-water
massive sands, although these may be volumetri-
cally small compared with deltaic turbidites or
basin plain turbidites. The beds possess distinc-
tive diagnostic features, yet occur in a wide range
of depositional settings (Stow & Johansson, 2000)
and, consequently, an equally wide range of
dynamical explanations for their formation have
been proposed. Suggested transport mechanisms
range from low-density turbidity currents to giant
sandy debris flows (e.g. Shanmugam, 1996; Parize
et al., 1999) with deposition attributed both to
progressive aggradation (e.g. Kneller & Branney,
1995) and to en masse freezing (Postma et al.,
1988), based on conceptual and numerical mod-
els (Baas, 2004) and field analogues.
In terms of their sedimentology, a deep-water
massive sand can be described as a single body or
unit comprising several beds, each of typical bed
thickness 1 to 10 m (Stow & Johansson, 2000); the
term ‘deep-water’ is generally taken to mean
below storm wave base (e.g. Stow et al., 2001).
Characteristically, the sands generally lack any
primary bedforms which might provide informa-
tion on the dynamics during particle fallout,
although occasionally some widely spaced,
poorly developed parallel laminations may be
present (e.g. Hiscott, 1994). There are, however,
clues to the formation of these sands. Firstly, they
commonly exhibit water escape structures, par-
ticularly dish structures and vertical pipes or
pillars (e.g. Lowe, 1982); these are often used as a
tool to distinguish deep-water massive sands
from other turbiditic sand facies. Secondly, they
may contain clasts of shale. Another key diag-
nostic feature is the amalgamation surfaces with-
in the units. The sands are largely ungraded,
although there may be some basal normal or
reverse grading and a small amount of coarse-tail
normal grading towards the very top of a bed. A
full overview of the sedimentology is provided by
Stow & Johansson (2000), with several field
examples.
Deposition from lofting turbidity currents may
produce facies with the above characteristics,
providing that the initial sediment mix and the
value of c (the fraction of sediment that remains
suspended at the instant of lift-off) are appropri-
ate. Clearly a predominantly fine-grained flow
with a high value of c is not a plausible candidate
as the parent flow for a thick deposit of sand. A
flow with a moderate initial sand fraction and low
c will travel through a feeder canyon as a ground-
hugging current, eroding muddy substrate at the
flow head while perhaps depositing some sedi-
ment towards the tail of the flow. As it spreads
across the sea floor, the effects of flow thinning,
entrainment of dense ambient fluid and particle
settling all act to cause a decrease in frontal
velocity. The experiments and modelling have
shown that the velocity drop is rapid compared
with the gradual decrease experienced by cur-
rents whose interstitial fluid density approxi-
mately equals the ambient fluid density. During
this stalling of the flow, the sand-grade sediment
plummets out of suspension; simultaneously the
light interstitial fluid rises up into the water
column taking much of the finer mud-grade
particles up with it. In nature, the collapse of
the ground-hugging current and concurrent lift-
off may be an effective method of sediment
sorting, so that the bed forming immediately
behind the flow head is thick and sandy (Sparks
et al., 1993; McLeod et al., 1999; Hesse et al.,
2004). If there is little horizontal motion within
the current during the deposition of this sand, it
will lack ripples, laminations and other associ-
ated traction structures. The sand will be dumped
rapidly at this point, particularly if the parent
flow has stratified into a lower, more concentrated
body and an upper, more dilute wake. It is
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possible also that dewatering structures may be
formed, particularly if the dumping of the sand
causes higher particle concentrations towards the
base of the suspension and hindered settling
effects, which trap some of the fines within the
now-stationary flow. Even if the global (average)
concentration of the lofted portion is 1 to 2%
solids, localized higher concentrations towards
the base of the near-static settling suspension can
develop, leading to complicated settling effects
(Amy et al., 2006). Dewatering structures, how-
ever, are unlikely if most of the fines have been
elutriated by the rising cloud. In this case, a
better-sorted, largely ungraded or weakly graded
massive sand may result. If the lofted cloud rains
out particles gradually onto the turbidite bed, a
graded top could be produced, but in the natural
environment it is more likely that the cloud will
move away under its own buoyancy or the
influence of other currents and circulations,
removing much of the fine fraction from the
location of deposition and explaining why the
fine-grained top, which is characteristic of many
turbidites, is so often absent from deep-water
massive sands.
Should a second surge arrive, or another pulse
of a more sustained turbidity current, then the
same again may happen: rapid deposition of sand
as the flow stalls and segregation of the fine
fraction up into the buoyant plume. Now an
amalgamated unit is developing with each bed
comprising thick, structureless sand separated by
a non-erosive contact. It is simple to envisage the
build-up of a massive sand body containing
amalgamated beds each formed by a surge or
pulse. The shape of this body may be governed
both by the sea floor geometry and the character-
istics of the parent flow; this is because the drop
in the bed profile produced by a lofting flow
occurs just behind the lift-off position (cf. Fig. 6)
and xLO depends on parameters such as c and the
initial sediment load. Substrate topography may
also affect the lofting process, because it controls
both mixing and sedimentation rates (Woods &
Bursik, 1994).
One example of turbidite sands produced by
lofting flows are those forming part of the Eocene
Central Basin turbidite systems, Spitsbergen,
described and interpreted by Plink-Bjo¨rklund &
Steel (2004). Sustained turbidity currents initi-
ated by river effluents deposited significant
volumes of sand on both shelf and basin floor
settings. The nature of the exposure allows the
deposits to be tracked down dip along the tran-
sition between these settings; an example of an
amalgamated sand body is reproduced from
Plink-Bjo¨rklund & Steel (2004) in Fig. 13. These
sands have many characteristics similar to the
experimental observations and are compatible
with rapid deposition initiated by the onset of
buoyancy reversal: like the laboratory deposits
(e.g. Figs 6 and 7A) the sands thin and fine
downstream but maintain a ‘tabular’ bed profile
until they pinch out. The sandstone beds are
thick (0Æ5 to 4 m), tend to be graded or ungraded
and, as is the case for the example given in
Fig. 13, exhibit few structures other than occa-
sional parallel laminations, with soft-sediment
deformation structures in places. Note that some
sands contain a wider range of traction structures
including ripple cross-laminations and internal
scours. In these cases, buoyancy reversal is less
likely to have occurred.
Finally, while buoyancy reversal of turbidity
currents may account for the deposition of
weakly-graded, relatively structureless deep-
water sands, note that lofting does not necessarily
cause particle segregation (e.g. Fig. 8). It is diffi-
cult to hypothesize, with confidence, the grain-
size of the deposit in terms of grading and sorting,
because these depend on many evolving factors
and their interplay.
Consider, for example, a turbidity current
where the whole flow decelerates and reverses
in buoyancy. The horizontal motion decreases to
zero and the turbulence collapses causing dump-
ing of sediment from the lower portion of the flow
(compared with a non-lofting turbidity current).
This process may lead to a weakly graded deposit,
depending in part on the amount of stripping of
the cloud. The degree of sorting within this
deposit will depend on at least three factors: (i)
the grain size of the suspension at the point of lift-
off (whether, for example, the fines had already
been winnowed out of the body of the flow and
into the overlying wake by ambient entrainment
through the head); (ii) the solids concentration of
the different parts of the turbidity current at the
point of buoyancy reversal: at higher concentra-
tions, settling processes become complicated
(Druitt, 1995; Amy et al., 2006) leading to a
poorly sorted, ungraded deposit instead; and
(iii) the relative time scales of the different
processes operating while the current lifts off:
whether the cloud is able to rise up, taking the
fines with it, before the rapid sedimentation of the
suspension causes strong concentration gradients
to develop. Such gradients suppress turbulent
mixing and, especially in the presence of large
amounts of fine-grained cohesive material, may
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lead to the self-reinforcing collapse of the sus-
pension (Winterwerp, 2001).
If, on the other hand, buoyancy reversal is only
partial, taking place in localized parts of the rear
or wake of the turbidity current, then the main
part of the flow may not be unduly affected,
leading to a deposit similar to a ‘classic’ turbidite.
The deposit from this flow will not exhibit the
snub-nosed geometry which characterized the
laboratory deposits or the Spitzbergen beds.
Similarly, the presence of Bouma-type sedi-
mentary structures does not imply that buoyancy
reversal is an inappropriate hypothesis, merely
that at some point in the deposition history of the
turbidity current, the flow conditions were opti-
mal for the formation of such structures (Baas,
2004).
Other turbidite facies
While thick sands with a snub-nosed profile may
be one depositional signature of lofting from
turbidity currents with light-interstitial fluid, a
range of other facies may form, three of which are
outlined. Note that there are many other dynamical
explanations for these different facies; the objec-
tive here is to suggest that lofting of turbidity
currents may be an additional mechanism. The
role of buoyancy reversal on the dynamics of
depositional turbidity currents will become pro-
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gressively more important in distal settings, where
both the bulk density, due to the suspended solids,
and the flow velocity are decreasing continually.
Thinly bedded turbidites
Basin plain turbidite sequences often comprise
repetitive alternations of silt and mud, for exam-
ple, the thinner deposits of the Miocene Marnoso
Arenacea turbidites (Ricci Lucchi, 1981) and the
Silurian Aberystwyth Grits (Wood & Smith,
1959). Silts are typically thin, pale grey, perhaps
with weak Bouma division C and D laminations.
The overlying turbiditic muds are darker and
structureless and can often be differentiated from
pelagic mud. Given the background density gra-
dient of the oceans it is likely that most, if not all,
turbidity currents generated in shallow water
settings will contain light interstitial fluid. Buoy-
ancy reversal and lofting in the most distal
regions reached by a turbidity current, when it
has dropped most of its sediment load, may in
fact be commonplace. Turbidity currents often
become stratified in density and particle concen-
tration into a basal body and overlying dilute
wake (Kneller & Buckee, 2000). In distal settings
where only the wake may penetrate (the body
having deposited a coarse bed in more proximal
settings), lofting would result in sedimentation of
thin silt from the lowermost portion of the wake
while the remainder, predominantly clay-grade
mud, would loft into the water column and rain
out over a longer period of time (Gladstone &
Sparks, 2002). This process may not only account
for the clay-grade hemipelagites observed in
Ocean Drilling Program core sections on the
Bengal Fan (Stow & Wetzel, 1990; Redbourn
et al., 1993) and attributed to the process of
buoyancy reversal by Sparks et al. (1993), but
also for many of the silt–mud couplets common to
thinly bedded turbidites and found throughout
many turbidite sequences.
Ponded deposits in confined basins
One interesting result of the present work, with
implications for the development of heterogene-
ities in reservoir deposits, is how the behaviour of
the cloud (which depends on the basin topo-
graphy and local currents, rather than the details
of the parent flow) can strongly affect the final
deposit. The theoretical analysis illustrated how
important the fate of the cloud is in determining
the nature of the upward fining of the deposit
(Fig. 11). Where the sediment from the cloud
settles back down on top of the deposit, a region
of rapid upward fining with a topmost mud cap
results; this would be a likely scenario in a
confined basin setting, where the cloud sediment
would simply settle out of the water column over
time. Consequently, the basin infill will comprise
stacked beds of high permeability sands, inter-
bedded with muds of low permeability. Deposits
similar to these are reported from the confined
basins of the Eocene/Oligocene Taveyannaz Sand-
stone, Switzerland (Sinclair & Cowie, 1993). Here,
stacked sequences are formed of thick-bedded
sandstone/mudstone couplets comprising struc-
tureless underlying sand with occasional sand-
stone injections which is overlain by structureless
mud. The thick sand/mud couplets are attributed
to flow ponding; it is suggested that the turbidity
currents may have reversed in buoyancy, leading
to the rapid dumping of structureless, dewatering
sand, and the gradual fallout of graded mud from
the confined cloud on top of the sand deposit. In
contrast, if most of the cloud is removed, the
resulting deposit will comprise amalgamated
sands with little or no upward fining towards the
top of each bed, and certainly no topmost mudcap.
This unit would have better reservoir potential and
would be more likely within an unconfined setting
where the cloud is able to disperse widely and be
subjected to ocean currents. In the case of long
duration flows, the transport and subsequent dis-
persal of the cloud may be affected by the Coriolis
force (e.g. Chao, 1998).
Linked turbidite–debrite beds
Complex turbidite beds may contain debrite layers
within them which suggest deposition through en
masse freezing rather than the progressive aggra-
dation which characterizes the encasing turbidite
deposits above and below these debrite layers
(McCaffrey & Kneller, 2001; Talling et al., 2004).
The rapid collapse of a turbidity current as it
approaches buoyancy reversal may lead to a fines-
rich concentrated basal region generating a debris
flow and its associated deposit. This topic lies
substantially beyond the scope of the present
study; implications for a similar process of recon-
centration via lofting in pyroclastic density cur-
rents are described by Druitt et al. (2002) while
considerations about the process in the context of
reversing buoyancy turbidity currents have been
set out by Pritchard & Gladstone (2009).
Linking pre-lofting deposition to post-lofting
deposition
The laboratory experiments allow the visualiza-
tion of a turbidity current with light interstitial
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fluid through initiation, development as a
ground-hugging flow with similar behaviour and
therefore similar bed characteristics to those from
‘classic’ turbidity currents, towards the point of
buoyancy reversal, lofting itself, and finally the
transport and dispersal of the buoyant cloud. For
the case where buoyancy reversal promotes par-
titioning of the coarser material into the ground-
hugging flow and finer material into the rising
cloud, the laboratory experiments link these two
processes, while the complementary modelling
allows the details of bed architecture and grading
to be explored. Given that the cloud disperses
turbiditic mud to exotic locations, and that many
field investigations concentrate on understanding
deposition of the sands, there appears to be little
published field evidence linking the lofted fines
to the deposited sands within a single turbidite
event, whether it be a surge or a sustained flow.
Certainly there are observations from ancient
turbidite systems that sand bodies are fine-frac-
tion depleted, but rarely is buoyant lofting sug-
gested as a possible explanation for the missing
fines (Sinclair & Cowie (1993) is one example
where lofting is mentioned).
There are now, however, new observations
associating deposition from the ground-hugging
component of a turbidity current with deposition
from the cloud, from cores from the Labrador
Basin between Greenland and Canada (Hesse
et al., 2004; Hesse & Khodabakhsh, 2006). Here,
turbidity currents were generated from meltwater
discharges of the Pleistocene Laurentide Ice
Sheet. Hesse et al. (2004) link metre-thick, rela-
tively clean sands from the central braided abys-
sal plain to stacks of centimetre-thick graded mud
layers. The sands represent deposition from the
hyperpycnal portion of the flow prior to buoyancy
reversal, whilst the muds represent the gradual
raining out of fines from the lofted cloud. The key
evidence is the presence of ‘ice-rafted debris’
(IRD) within the mud layers; these are outsized
clasts which are generated slowly on a seasonal
cycle yet are found dispersed throughout the mud
layers. Hesse et al. (2004) argue that the time
scale of classic turbidity currents is too short to
explain the clasts: only the occasional IRD clast
would be present. Hemipelagic deposition is also
argued to be unlikely, because of the thickness of
the individual mud layers. The time scale of
sedimentation of fines from a lofted cloud, cou-
pled with the significant volume of mud in each
layer, is suggested to be compatible with the
observations, and lofting therefore is proposed as
the best formational mechanism. The muds and
sands are also linked by petrographical evidence
(Hesse & Khodabakhsh, 2006). Note that in this
case, the sands do not exhibit a snub-nosed
geometry. Much of the work on these cores has
been motivated by understanding Heinrich
events (episodes of intense iceberg calving) –
the observations on the deposits of lofting turbid-
ity currents have been a fortunate, secondary
consequence.
CONCLUSIONS
This study has used a combination of analogue
laboratory experiments and a simple phenome-
nological model to investigate the patterns of
deposition from turbidity currents that contain
sediment with a bimodal size distribution sus-
pended in fluid which is lighter than the ambient
fluid. Such turbidity currents decline in density
through progressive sedimentation and ulti-
mately loft to form buoyant sedimenting plumes
or clouds; this lofting affects both the overall
geometry of the resulting deposits and the segre-
gation or grading of the sediment within them.
Beds produced by lofting laboratory turbidity
currents have a ‘snub-nosed’ profile with pinch-
out at the lift-off position, rather than the gradual
bed thickness decay in the distal limit that
characterizes beds produced from classic
ground-hugging flows. Coarser material is depos-
ited preferentially before and during lift-off while
fine material can be preferentially carried up and
perhaps away by the buoyant cloud. This effect
leads to an overall trend of downstream fining
but, because the flow stops when it reverses in
buoyancy, only the cloud can carry sediment to
distal regions, not the ground-hugging part of the
flow. Critically, flows with different initial com-
positions and dynamics can produce beds which
resemble each other in one or more features.
There is a general agreement between the
laboratory experiments and the phenomenologi-
cal ‘box and cloud’ model, particularly for
coarser-grained turbidity currents, which allows
the model to be used to explore parameter space
which is not accessible in the laboratory. One key
result from both the model and the experimental
analogues is that flows with different initial
compositions can sometimes produce deposits
with the same overall extent and geometries: this
introduces an unavoidable ambiguity into any
attempt to reconstruct parent flow composition
from the global properties of a deposit, and makes
it important to consider smaller-scale indicators
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when interpreting beds which may have been
emplaced by lofting flows. The model suggests
that a reduced (or complete lack of) upwards-
fining trend within a deposit may be a useful
indicator of emplacement by a lofting current
where the entire cloud has been stripped and
deposited its suspension elsewhere. The rela-
tively ungraded or weakly graded portion that
relates to the rapid sedimentation associated with
lofting may overlie a graded portion deposited
from the ground-hugging flow prior to the onset of
buoyancy reversal; this would depend on where
and when buoyancy reversal occurred in the
history of the parent flow.
It may be possible to extrapolate the general
principles established here to field-scale flows and
deposits, although caution should be exercised
because natural flows are several orders of magni-
tude larger than scaled laboratory experiments.
The lofting of turbidity currents may be expected
on prima facie grounds not to be unusual in the
geological record, and there are already some well-
documented examples of ancient and modern
deposits that have been attributed to deposition
from lofting turbidity currents (Hesse et al., 2004;
Plink-Bjo¨rklund & Steel, 2004). Other observed
turbidite facies may be explained tentatively as the
result of lofting without the need to invoke com-
plex topographies, unusual initiation mechanisms
or exotic dynamics. In the simplest case, where
most of the sand in a current is deposited prior to
lift-off, while most of the mud is subsequently
‘stripped’ along with the cloud by ocean currents,
the deposit may resemble the descriptions of deep-
water massive sands with amalgamated contacts,
dewatering structures and bed pinch-out (Stow &
Johansson, 2000). Other facies may also be pro-
duced by a lofting process. For example, in a
confined setting or where there is little horizontal
motion of the cloud, the buoyant cloud of intersti-
tial fluid and fines will rise up and rain out on top of
the sand to produce a couplet – a common feature
of many classic turbidite formations. Similarly, if
the parent flow contains a significant proportion of
fine sediment, some of which during lofting
becomes trapped in the ground-hugging portion
of the flow, then turbulence collapse and recon-
centration may occur, and may lead to the devel-
opment of a slurry bed or a linked debrite
(Pritchard & Gladstone, 2009).
Although the experiments and model presented
here provide new insights into the lofting process
and details of the resulting deposits, more work is
needed to describe the behaviour of polymodal
lofting turbidity currents, since they appear to be
a promising candidate for the explanation of
many important formations. Useful additional
work in this field could include the development
of detailed facies models and the consideration of
more sophisticated descriptions of the flow and
transport processes (allowing in particular for less
idealized source conditions, streamwise motion
of the cloud and for topographic effects on
propagation and deposition). A systematic con-
sideration of the constraints and uncertainties
involved in the inverse problem of reconstructing
flows from their deposits would also appear
valuable in the light of the strong non-uniqueness
observed here.
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NOMENCLATURE1
A0 Initial cross-sectional area of the current
B Rouse number of the suspension
C Depth-averaged volumetric concentration
of suspended sediment in the current
CC, CF
Depth-averaged volumetric concentrations
of coarse and fine suspended sediment in
the current
d Particle diameter
F Froude number at the front of the current
g Acceleration due to gravity
g¢ Reduced gravity for suspended particles
h Horizontally-averaged depth of the current
K Intermediate quantity in working,
K ¼ ð1  /F0Þ/bF0
L Natural length-scale for current propaga-
tion
l Length of the current
Re Reynolds number of the flow
Ri Global Richardson number
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Sh Shields parameter
T Natural time scale for current propagation
t Time
t0(x) Time at which the current front reaches the
point x
u Velocity of the current
u Friction velocity
VF Total amount of fine sediment suspended
in the lofting cloud
wC, wF
Settling velocities of the coarse and fine
particle fractions, respectively
x Downstream horizontal distance co-
ordinate
xLO Lift-off or ‘run-out’ distance of the current
z Vertical distance co-ordinate
b Ratio of settling velocity of coarse sediment
to that of fine sediment
c Lofting parameter, defined by Equation 2
gT, gC, gF
Mass per unit area of total deposit, coarse
fraction and fine fraction, respectively
j von Ka´rma´n constant
m Kinematic viscosity
qB, qI, qA, qP
Densities of the bulk current, the inter-
stitial fluid, the ambient fluid and the solid
particles
vC, vF Fractions of coarse and fine material in the
deposit at a given horizontal and vertical
position
vC ; vF Vertically averaged fractions of coarse and
fine material in the deposit at a given
horizontal position
w Fraction of the lofting cloud which is
stripped and does not settle locally
1Throughout, a superscript ‘*’ indicates that a
quantity has been rescaled by some appropriate
reference value; unless otherwise stated, a sub-
script 0 indicates the initial value of a quantity
(i.e. the value at the start of the experiment) and a
subscript LO indicates the value of a quantity at
the instant of lofting.
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APPENDIX: MATHEMATICAL
DEVELOPMENT OF THE ‘BOX AND
CLOUD’ MODEL
Surge phase: derivation of non-dimensional
governing equations
Define the quantities and natural scales (Hogg
et al., 1999)
g0 ¼ g qP  qI
qA
; C ¼ qA  qI
qP  qI
L ¼ F
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g0C0A30
p
wF
" #2=5
; T ¼ A0
w
3=2
F F
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g0C0
p
" #
:
ð14Þ
Rescaled variables, denoted by an asterisk, can
now be defined as
x ¼ x
L
; l ¼ l
L
; t ¼ t
T
; CF;C ¼
CF;C
C0
: ð15Þ
This rescaling eliminates some quantities en-
tirely from the governing equations, and groups
the rest into a set of dimensionless parameters.
Simplification using the volume condition (Eq.
7a) then yields the dimensionless governing
equations
l1=2
dl
dt
¼ CF þ CC  c
 1=2
;
dCF
dt
¼ CFl;
dCC
dt
¼ bCCl;
ð16Þ
and the initial conditions
lð0Þ ¼ l0; CFð0Þ ¼ CF0; CCð0Þ ¼ 1  CF0; ð17Þ
where the remaining dimensionless parameters,
which cannot be eliminated from the problem by
simple rescaling, are:
b ¼ wC
wF
; c ¼ C
C0
¼ qA  qI
C0ðqP  qIÞ
l0 ¼
l0
L
; CF0 ¼
CF0
C0
:
ð18Þ
The scalings presented here are not unique to
the box model and emerge naturally in more
detailed dynamical descriptions. These scalings
and parameters may then be expected to control
the gross features of the dynamics of a surge
whenever its volume remains approximately
constant, its velocity is controlled by a frontal
Froude condition and settling takes place from a
reasonably well-mixed suspension. This ex-
plains why the box model scalings are often
successful in collapsing data even though the
box model itself is not a formal approximation
to the shallow-water equations (Harris et al.,
2001).
Surge phase: predicting lift-off distance
From Eq. 9, it can be shown that
CC ¼ KCbF ; where K ¼
1  CF0
CbF0
: ð19Þ
The current becomes neutrally buoyant when CCþ
CF  c ¼ 0; in other words at CF ¼ CFLO; where
CFLO þ
1  CF0
CbF0
 !
CbFLO  c ¼ 0: ð20Þ
It is straightforward to obtain CFLO numerically
for given initial conditions: this, and all other
model calculations, were carried out using the
package Maple 9 (Waterloo Maple Inc., Waterloo,
Ontario, Canada). Substituting Eq. 19 into Eq. 16,
combining these with the equation for CF ¼ CFLO;
and integrating, a prediction for the lift-off
distance can be obtained:
xLO ¼ l5=20 þ
5
2
Z C
F0
C
FLO
CF þ KCbF  c
	 
1=2
CF
dCF
2
64
3
75
2=5
:
ð21Þ
Surge and cloud phases: predicting deposit
structures
The dimensionless deposit thicknesses gF and g

C
may be evaluated as
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gFðx;lÞ¼
gFðx;lÞ
TwFC0
¼
Z l
x
CFðl0Þl01=2dl0
CFðl0ÞþKCbF ðl0Þc
	 
1=2
ð22Þ
and
gCðx; lÞ ¼
gCðx; lÞ
TwFC0
¼
Z l
x
bKCbF ðl0Þl01=2dl0
CFðl0Þ þKCbF ðl0Þ  c
	 
1=2:
ð23Þ
The total deposit thickness is then given by
gTðxÞ ¼ gFðx; xLOÞ þ gCðx; xLOÞ. The vertically
averaged proportions of fine and coarse material
in the deposit are given by
vFðxÞ ¼ gFðx; xLOÞ=gTðxÞ
and
vCðxÞ ¼ gCðx; xLOÞ=gTðxÞ:
During the cloud phase which follows lofting,
the depth of the deposit increases with time while
its length remains the same. Assuming that there
is no segregation of fine and coarse particles other
than by settling at the base of the cloud, the
relationship CC ¼ KCbF still holds, so
gFðx; tÞ ¼ gFðx; tLOÞ þ
Z t
tLO
wFCFdt; ð24Þ
where CF is understood to be evaluated at the bed.
It is simplest to parameterize this depositional
process by the amount of fine sediment VF that
remains in suspension. This evolves as
dVF
dt
¼ xLOwFCF; ð25Þ
and can be integrated to obtain
gFðx;wÞ  gFðx; xLOÞ ¼
CFLO
xLO
ð1  wÞ; ð26Þ
where w = VF/VFLO is the fraction of the original
mass of fine sediment in the cloud that is
‘stripped off’ by some external flow before it can
settle locally. Similarly, the coarse fraction
evolves as
gCðx;wÞ  gCðx; xLOÞ ¼
bKCbFLO
xLO
ð1  wbÞ: ð27Þ
The ratios of fine and of coarse deposition to total
deposition rate at an instant can be calculated. To
produce a plot of the predicted structure of the
deposit, use the fact that the contours of vF and vC
in the (x, z) plane are simply the surfaces
z = gT(x; l)/qb that correspond to the surface of
the deposit at successive stages in its evolution.
To plot the contour corresponding to vF = v0,
then, CF is first obtained such that v0 ¼
CF=ðCF þ bKCbF Þ; lðCFÞ or V ðCFÞ is calculated
as appropriate; and the appropriate surface
gTðx; lÞ is then plotted.
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